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Abstract. The cubic form of SiC (β- or 3C-) compared to the hexagonal α-SiC polytypes, 
primarily 4H- and 6H-SiC, has lower growth cost and can be grown heteroepitaxially in large 
area Silicon (Si) wafers which makes it of special interest. This in conjunction with the recently 
reported growth of improved quality 3C‐SiC, make the development of devices an imminent 
objective. However, the readiness of models that accurately predict the material characteristics, 
properties and performance is an imperative requirement for attaining the design and 
optimization of functional devices. The purpose of this study is to provide and validate a 
comprehensive set of models alongside with their parameters for bulk 3C-SiC. The validation 
process revealed that the proposed models are in a very good agreement to experimental data 
and confidence ranges were identified. This is the first piece of work achieving that for 3C-SiC. 
Considerably, it constitutes the necessary step for Finite Element Method (FEM) simulations and 
Technology Computer Aided Design (TCAD). 
1.  Introduction 
Wide bandgap (WBG) semiconductors feature a wider bandgap (> 2eV) compared to Silicon (Si). They 
are of increased interest, because Si technology is reaching its performance limitations especially for 
power electronic systems [1]. Higher temperature, voltage and frequency operation are among the 
attributed superior properties the devices can achieve when WBG materials are used. Silicon Carbide 
(SiC) and Gallium Nitride (GaN) currently stand as the best WBG semiconductor candidates to replace 
Si [2]. Nonetheless, the SiC process technologies are currently considered more mature [3].  
SiC may occur with many different crystal structures, also known as polytypes, with the stacking 
sequence. Depending on the stacking order of the tetrahedrally bonded Si-C bilayers [4], the silicon and 
carbon atoms on adjacent bilayer planes is either of cubic or hexagonal nature [5]. The 3C-SiC, also 
encountered as β-SiC, is the only form of SiC with a cubic crystal structure. The non-cubic polytypes of 
SiC are referred to as α-SiC. Among the many hexagonal structures, 4H- and 6H- are the most researched 
ones. The 4H-SiC has been favored as the SiC candidate of choice for high power and high frequency 
applications because of the highest bandgap energy. The 3C-SiC, however, features specific 
advantageous properties which also make it highly desired for power devices. The main advantage of 
the cubic SiC polytype is the lower fabrication cost [6]. In terms of crystal growth, the process is 
compatible with the Si technology. The cubic SiC polytype can be grown heteroepitaxially on Si wafers 
and the required growth temperatures are lower than those required when processing 4H-SiC. Moreover, 
  
 
 
 
 
the 3C-SiC can also be advantageous from a device-level perspective. In particular, a decrement of the 
defects density at the SiO2/3C-SiC interface is observed when Metal Oxide Semiconductor (MOS) 
devices are required [7][8][9]. The latter essentially contributes to increasing the mobility for both 
carriers’ types at higher levels compared to 4H-SiC. Further, the lower bandgap of β-SiC leads to 
achieving channel inversion at reduced electric field levels in the case of Metal Oxide Semiconductor 
Field Effect Transistors (MOSFETs) [10]. Finally, it has been demonstrated that the stacking faults in 
the 3C-SiC material do not affect its operation [11], as evidenced in the case of 4H-SiC, due to 
propagation phenomena [12]. In addition, the cubic structure imparts higher electrical propertied 
isotropy [6]. 
Almost all power device types have been demonstrated with the 3C-SiC compound. Schottky Barrier 
Diodes (SBDs) [13][14], PiN devices [15][16] and MOSFETs [17][18]. These works however, conclude 
that the observed performance is far below from what expected for devices made of SiC crystals. Taking 
into account that the performance is dominated by the material quality, cubic SiC polytype is not yet 
described as a matured technology and is open to advancements [19]. Accurate modelling of the 3C-SiC 
material properties for Technology Computer Aided Design (TCAD) simulations would be a major step 
forward for this polytype. This is because TCAD assists power semiconductor device development 
including the achievement of optimized performance [20] and high reliability [21]. Published works 
denote the interest of modelling 3C-SiC power devices [22] and simulating with Monte Carlo method 
[23][24]. Initial efforts to describe the cubic-polytype of SiC in TCAD tools are present [25] as well 
with simulations in device level [26][27][28]. Nonetheless, the physical models for 3C-SiC are immature 
and significant research is still required [27]. Moreover, to the best of the authors’ knowledge, no reports 
on a validated complete parametrization of the cubic SiC polytype for accurate FEM analysis have been 
presented.  
The contribution of this paper is to provide and validate the physics models and the corresponding 
material parameter sets of the bulk β-SiC polytype. The importance of this work is further enhanced by 
recent advancements in grown 3C-SiC crystal quality. Indicatively, a 380nm thick p-type single 
crystalline 3C-SiC has been grown on a p-type Si (100) substrate [29]. Likewise, a good quality of 1µm 
3C-SiC hetero-epitaxially grown on Si has been reported [30]. It is therefore, not unreasonable to argue 
that 3C-SiC may be an excellent candidate for power devices that can soon become a commercial reality, 
featuring thin layers of material. Consequently, the existence of an accurate and valid TCAD material 
model will be of great value for the research on this polytype on such power devices to be lifted up. 
The remaining sections of this article are organized as follows. The section 2 is separated into 
subsections, each one dealing with a parameter set of the 3C-SiC polytype under discussion. Leading to 
specific material coefficient values fine-tuning, the validation processes for the physical models 
involved are presented, utilizing MATLAB. Finally, the conclusions of this work are illustrated in 
section 3. 
2.  The physical model of 3C-SiC  
In this section the various parameters inherent to the material are identified and modelled. To accurately 
predict the performance of devices that use 3C-SiC as the preferred material, it is necessary to accurately 
model the properties, the electrical characteristics of the material and carrier transport and recombination 
phenomena. It is also important to model how those properties, characteristics and phenomena change, 
for example as a function of temperature, doping concentration and electric field. Each model and 
parameter set described in this work constitutes an information “brick” of the material entity in TCAD 
tools. The information that each of these “bricks” carries, regarding a specific physical property of the 
3C-SiC, is validated separately with comparisons to experimental data available in literature. Putting 
these bricks together allows Finite Element Method (FEM) and TCAD simulations to be carried out and 
to analyze the behavior of devices based on the cubic SiC polytype. 
2.1.  Bandgap parameters for 3C-SiC 
  
 
 
 
 
The desired properties demonstrated by WBG semiconductors are mainly attributed to their bandgap 
characteristics. Nonetheless, the effective bandgap results from the temperature dependent bandgap 
value reduced by the term representing the bandgap narrowing phenomenon, 𝐸𝑏𝑔𝑛, as shown in (1). 
 
𝐸𝑔,𝑒𝑓𝑓(𝑇) = 𝐸𝑔(𝑇) − 𝐸𝑏𝑔𝑛 (1) 
The band gap dependence  on the lattice temperature is described in (2), where 𝐸𝑔(0) is the band gap 
energy at 0 Kelvin and 𝛼, 𝛽 are material parameters [31]. 3C-SiC is an indirect semiconductor material 
and the energy gap is defined as the minimum distance of maximum valence band (Γ15) to minimum of 
the conduction band (X1C) resulting in 𝐸𝑔(0) = 𝛤15
𝑢 − 𝛸1
𝑐 = 2.39𝑒𝑉. Further, the parameters 𝛼 and 𝛽 
are determined in this work to fit available 3C-SiC measurement data as shown in Fig. 1. 
 
𝐸𝑔(𝑇) = 𝐸𝑔(0) − 𝛼𝑇
2 (𝑇 + 𝛽)⁄  (2) 
The 3C-SiC bandgap dependence on temperature, following the (2), was initially described in [32]. 
In this work, further fine-tuning of the parameters 𝛼, 𝛽, according to experimental data in [33], determine 
their values as presented in Table I. As shown in Fig. 1, very good matching has been achieved.  
 
 
Table I: 3C-SiC parameter set related to Bandgap. 
Parameters Description 3C-SiC 
Eg(0) [eV] 2.39 
α [eV/K] 0.66x10-3 
β [Κ] 1335 
 
Fig. 1: The 3C-SiC bandgap dependence on temperature as described in 
(2) utilizing the material parameters determined in this work. Literature 
data for comparison are from [33]. 
 
Bandgap narrowing refers to the case where doping concentration causes displacements in the energy 
scale of the 3C-SiC 𝛤15
𝑢  and 𝛸1
𝑐 bands. According to [34], the behavior of power devices that contain 
layers with different doping profiles may be affected, leading to band-edge displacements. These 
displacements representing potential barriers, influence carrier transport phenomena in the device and 
their interactions. The main difference of the various bandgap models available is how they handle 
bandgap narrowing. In equation (3), the term ∆𝐸𝑔
0 is determined by the particular bandgap narrowing 
model used, and ∆𝐸𝑔
𝐹𝑒𝑟𝑚𝑖 is an optional correction to account for carrier statistics. In this work the 
Maxwell–Boltzmann statistics are considered when investigating the dynamics of a collection of 
carriers. For power devices that their size is relatively large, compared to the de Broglie wavelength of 
electrons this correction term is negligible. 
𝐸𝑏𝑔𝑛 = ∆𝐸𝑔
0 + ∆𝐸𝑔
𝐹𝑒𝑟𝑚𝑖 (3) 
Furthermore, Lindefelt [34] proposed a model for the band-edge displacements of n-type 3C-SiC 
material, valid for majority carriers concentrations typically above 1018cm−3. This model essentially 
constitutes an extension of the Jain-Roulston (J-R) theory [35] implemented in TCAD tools to describe 
the doping dependence on bandgap narrowing (∆𝐸𝑔
0) as presented in (4). Thus, the resulting narrowing 
of the band gap is due to conduction and valence band displacements and is defined in such a way to be 
a positive quantity. The conduction band displacements (𝐸𝑏𝑔𝑛
𝑐𝑜𝑛𝑑) description due to the high levels of 
doping are shown in (5a) for the case of an n-type 3C-SiC material region, and in (5b) for the case of a 
p-type region. Regarding the valence band, the formulas presented in (6a) and (6b) describe the 
displacements (𝐸𝑏𝑔𝑛
𝑣𝑎𝑙 ) for n-type and p-type 3C-SiC material respectively. In these equations, the terms 
𝐴𝑛,𝑝, 𝐵𝑛,𝑝, 𝐶𝑛,𝑝, and 𝐷𝑛,𝑝 are material dependent coefficients, which depict the energy distance between 
the valence band and conduction band shifts in eV.  
 
∆𝐸𝑔
0 = −𝐸𝑏𝑔𝑛
𝑐𝑜𝑛𝑑 + 𝐸𝑏𝑔𝑛
𝑣𝑎𝑙  (4) 
  
 
 
 
 
𝐸𝑏𝑔𝑛
𝑐𝑜𝑛𝑑 = {
   𝐴𝑛 ∙ 𝑁𝑡𝑜𝑡
1 3⁄ + 𝐶𝑛 ∙ 𝑁𝑡𝑜𝑡
1 2⁄ , 𝑁𝐷,0 > 𝑁𝐴,0  
𝐵𝑝 ∙ 𝑁𝑡𝑜𝑡
1 4⁄ + 𝐷𝑝 ∙ 𝑁𝑡𝑜𝑡
1 2⁄ , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 
(5a) 
 
(5b) 
𝐸𝑏𝑔𝑛
𝑣𝑎𝑙 = {
   𝐵𝑛 ∙ 𝑁𝑡𝑜𝑡
1 4⁄ + 𝐷𝑛 ∙ 𝑁𝑡𝑜𝑡
1 2⁄ , 𝑁𝐷,0 > 𝑁𝐴,0  
𝐴𝑝 ∙ 𝑁𝑡𝑜𝑡
1 3⁄ + 𝐶𝑝 ∙ 𝑁𝑡𝑜𝑡
1 2⁄ , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 
(6a) 
 
(6b) 
 
By following the work in [34] the values of the parameters in the original J-R model can be adjusted, 
to those presented in Table II in order to get the best matching possible to the available corresponding 
data for 3C-SiC. These coefficient values are calculated in such a way that for low doping concentration, 
that is below 1018cm−3, the band edge displacements of the material will be negligible. In Fig. 2 and 
Fig. 3 a comparison of the J-R model utilizing the parameter values of Table II and the relative data in 
literature [36] is illustrated. It can be seen that the band gap narrowing in n-doped 3C-SiC semiconductor 
is larger than in p-doped for the same concentrations of dopants. This is in excellent agreement to the 
findings in [34]. 
 
Table II: 3C-SiC band gap narrowing doping dependence. 
Lindefelt model 
coefficients 
3C-SiC semiconductor material 
n-type p-type 
𝐴𝑛,𝑝 [eV·cm] -1.48x10
-8 1.3x10-8 
𝐵𝑛,𝑝 [eV·cm
3/4] 9.0x10-7 -4.8x10-7 
𝐶𝑛,𝑝 [eV·cm
3/2] -3.06x10-12 1.43x10-12 
𝐷𝑛,𝑝 [eV·cm
3/2] 6.85x10-12 -6.41x10-13 
   
  
Fig. 2: The displacements of the bands in n-type 3C-SiC material due to 
doping, utilizing the parameters fine-tuned in this work. Literature data 
are sourced from [36]. 
Fig. 3: The displacements of the bands in p-type 3C-SiC 
material due to doping, utilizing the parameters fine-tuned in 
this work. 
 
The electron affinity (𝜒) describes the separation between the conduction band (𝐸𝐶) and the vacuum 
level (𝐸0). Particularly, the electron affinity is necessary to construct informative band diagrams and 
data in literature is  rather contradictory [37]. In the J-R model the 𝜒 depends on both the temperature 
and the doping especially for high concentrations. The model expression is presented in (7). The quantity 
𝐸𝑏𝑔𝑛
𝑐𝑜𝑛𝑑 indirectly reflects the doping dependence of the electron affinity. Furthermore, the coefficients 
𝛼2 and 𝛽2 are set to be equal to zero. This specific considered model allows for the usage of these extra 
fitting parameters to fine tune the 𝜒 dependence on temperature without affecting the corresponding 
bandgap dependence. The discussed parameter values for the J-R affinity model are presented in Table 
III.  
𝜒(𝑇, 𝑁𝐴,0, 𝑁𝐷,0) = 𝜒0 +
(𝛼 + 𝛼2)𝑇
2
2(𝑇 + 𝛽 + 𝛽2)
+ 𝐸𝑏𝑔𝑛
𝑐𝑜𝑛𝑑 (7) 
 
 
Table III: 3C-SiC parameter set related to Affinity. 
Parameters Description 3C-SiC 
Electron affinity [eV] 3.83 
α2 [eV/K] 0 
β2 [Κ] 0 
  
 
 
 
 
 
In addition, from [32] [38], the static dielectric constant of the cubic SiC is defined as ε0
3𝐶 = 9.72. 
 
2.2.  Density of states (DoS) in the conduction and valence bands 
The carrier effective masses and densities of states quantities are directly related to each other. 
According to the literature, computing the effective carrier mass as a function of temperature-dependent 
DoS is an option that best suits the parameters for 3C-SiC available in the literature. Taking into account 
the work in [39] and [40], the models described by (8a) and (8b) can be deployed. 
 
𝑁𝐶 = 2𝑀 (
2𝜋𝑘
ℎ2
)
3
2
 (𝑚𝑐 𝑚0⁄ )
3
2  𝑇
3
2 (8a) 
𝑁𝑉 = 2 (
2𝜋𝑘
ℎ2
)
3
2
 (𝑚𝑣 𝑚0⁄ )
3
2  𝑇
3
2 (8b) 
𝑁𝐶 = 2.99 × 10
15 × 𝑇
3
2  (𝑐𝑚−3) (9a) 
𝑁𝑉 = 2.24 × 10
15 × 𝑇
3
2  (𝑐𝑚−3) (9b) 
𝑁𝐶,𝑉(𝑇) = 𝑁𝐶,𝑉300 × (
𝑇
300
)
3
2
 (10) 
 
Table IV: 3C-SiC temperature dependent Density of States. 
Parameters Description 3C-SiC 
NC (300K) [cm
-3] 1.5536x1019 
NV (300K) [cm
-3] 1.1639x1019 
 
In the above equations, 𝑀 = 3 represents the number of equivalent valleys in the conduction band, 
𝑚𝑐 = 0.35𝑚0 is the effective mass of the DoS in one valley of conduction band and 𝑚𝑣 = 0.6𝑚0 is the 
effective mass of density of state in the one valley of valence band, all considered for 𝑇 = 300K [36]. 
Substituting these values in the model for the DoS in 3C-SiC the simplified expressions (9) are derived. 
By applying the latter formulas, the parameter values required to model the DoS dependence on 
temperature are determined and summarized in Table IV. This dependence is described in (10) and 
illustrated in Fig. 4.  
Additionally, the intrinsic carrier concentration (𝑛𝑖) is directly proportional to 𝑁𝐶  and 𝑁𝑉, which are 
the conduction and valence band DoS respectively, as expressed in (11). The 𝑛𝑖 is the result of the 
thermal expansion of the lattice and electron-phonon coupling. Thus, it features an exponential 
dependence upon temperature, as well as the band gap value. Essentially, it is determined by the thermal 
generation of electron-hole pairs across the energy bandgap [40] [41]. Therefore, the intrinsic carrier 
concentration is indicative for the ability of a semiconductor material to maintain its characteristics at 
elevated temperatures. The Table V presents the 𝑛𝑖 values calculated for 𝑇 = 200K and 𝑇 = 300K 
taking into account the DoS temperature dependence. In Fig. 5, the 3C-SiC intrinsic carrier 
concentration, taking into account both the DoS and bandgap dependencies on temperature as described 
in subsection 2.1, is presented and compared to literature values. As seen, the model proposed in this 
paper has matched the measurements [42] reasonably well for the range of values 200K < 𝑇 < 500K. 
 
𝑛𝑖 = √𝑁𝐶𝑁𝑉𝑒𝑥𝑝(− 𝐸𝑔 2𝑘𝑇⁄ ) (11) 
 
Table V: 3C-SiC Intrinsic carrier concentration as a function of temperature dependent Density of States. 
Parameters Description 3C-SiC 
Intrinsic carrier concentration ni [cm
-3] 
T=200K (with Eg = Eg(T)) 
9.888x10-11 
Intrinsic carrier concentration ni [cm
-3] 
T=300K (with Eg(T)) 
2.285x10-1 
 
  
 
 
 
 
  
Fig. 4: The Density of States in both conduction and valence band 
plotted against temperature for the 3C-SiC. The inset plot focuses at 
the area of the graph for temperature values close to 300K. 
Fig. 5: Assuming low doping or unintentional doping levels 
(5𝑥1015cm−3) the intrinsic carrier concentration against 
temperature is compared with 𝑛𝑖 measurements [42]. Thus, the 
resulting bandgap narrowing is negligible in this case.  
 
2.3.  Carrier Mobility in 3C-SiC 
2.3.1.  Low – field Mobility 
 
Doping Dependence 
The main building blocks of power devices are the junctions formed between doped regions of the 
material. Consequently, the accurate modeling of the doping effect on the carrier mobility is important. 
One of the most frequently used models to describe the doping dependence of carriers mobility in the 
semiconductor is the Arora model [43]. The Caughey – Thomas (C-T) expression [44] approximates 
this model for low applied electric field conditions. The C-T formula is shown in (12) where, 𝑁 is the 
total doping concentration, 𝜇𝑚𝑎𝑥 is the mobility of undoped or unintentionally doped samples, 𝜇𝑚𝑖𝑛 is 
the mobility in highly doped material, 𝑁𝑟𝑒𝑓 is the doping concentration at which the mobility is halfway 
between its minimum and maximum value and 𝛼 is a measure of how quickly the mobility changes in 
this range. However, in [45] it is stated that this model fails for the case of 3C-SiC as there does not 
appear to be a definite value for 𝜇𝑚𝑖𝑛. Thus, an alternative model for electron mobility that behaves like 
the C-T expression for low doping and like Powel’s [46] for high doping is proposed.  
In this work, experimental data available in [45] is  utilized and various values for the minimum 
mobility are investigated with the C-T expression in MATLAB. For the range of doping concentrations 
from 1 × 1014cm−3 to 1 × 1022cm−3 a minimum mobility value of 40cm2/Vs is used. The values for 
the holes parameters 𝜇𝑚𝑎𝑥
ℎ+  and 𝜇𝑚𝑖𝑛
ℎ+  suggested from measurements in [47], [36] differ from the values 
adopted in this work. After curve fitting to the available data [36] [48], slightly greater values of the 
maximum holes mobility are considered.  
The low field parameters for the 3C-SiC electron mobility, supplemented with values for holes, are 
summarized and presented in Table VI for a temperature of  𝑇 = 300K. The modelled dependence of 
the electrons’ mobility in 3C-SiC for the doping concentration, is presented in Fig. 6. In comparison, 
experimental data from [45] and [49] have also been plotted. The parameters determined for the C-T 
model in this work describe accurately enough the 3C-SiC mobility dependence on doping, especially 
for the range of values 5 × 1015cm−3 < 𝑁𝐷,𝐴 < 1 × 10
20cm−3. For the holes case, the high 
discrepancy of the alternative Powel/C-T formula, in Fig. 7, should be noticed. This model [45] was 
developed initially for 3C-SiC electrons’ mobility and therefore, it fails to accurately describe the 
corresponding holes behavior. 
It also should be noted that, recent works, relate the mobility of the grown 3C-SiC crystal directly to 
its thickness. The thicker the material the better its mobility characteristics [50]. This fact may imply the 
dependence of this physical entity on the material defects. A thick enough grown crystal (> 30μm) 
reduces the effect of shallow centers and traps formed at the 3C-SiC interface with the substrate wafer 
due to mismatches [51] [52]. Thus, the dominant mechanism to determine the carrier mobility is 
  
 
 
 
 
scattering from interfaces and impurities and not the intrinsic band structure due to carrier interaction 
with the lattice [53]. For accurate device modeling, this variability should be taken into consideration. 
The device can be discretized in regions of different 𝜇𝑚𝑖𝑛 values for the bulk model presented in this 
work. 
𝜇0 = 𝜇𝑚𝑖𝑛 + (𝜇𝑚𝑎𝑥 − 𝜇𝑚𝑖𝑛) (1 + (𝑁 𝑁𝑟𝑒𝑓⁄ )
𝛼
)⁄  (12) 
 
 
Table VI: 3C-SiC parameters for low Field mobility and 
coefficients used to express doping dependence. 
Parameter 
3C-SiC 
electrons holes 
μmax [cm
2/Vs] 650 70 
μmin [cm
2/Vs] 40 15 
Nref [cm
-3] 1.5x1017 5x1019 
α 0.8 0.3 
 
 
  
Fig. 6: The C-T model for the electrons mobility in low fields for 
various values of doping densities is utilized with the coefficients 
determined in this work. The Powel/C-T model [45] is also plotted 
for comparison. 
Fig. 7: The Powel/C-T model [45] is not designed to fit the holes 
mobility behavior. The discrepancy is noticeable in this plot. The 
C-T model performs closer to what expected since no relative 
measurements are available for the 3C-SiC.  
 
 
Temperature Dependence 
When aiming to accurately capture the temperature dependency of mobility, a more complex approach 
should be considered. This is because many other parameters may also be affected. Assuming an n-type 
material, the Fermi level measured from the conduction band changes with temperature and so do all 
the parameters involved in the mobility description. Exactly the same behavior is expected for a p-type 
material, in the difference of a changeable distance to the valence band this time. Small variations of the 
relative position of the Fermi level imply a changing doping concentration value [50], according to (13). 
The temperature dependence for the low-field mobility parameters is described by (14), where 𝑃𝑎𝑟 is 
the parameter of interest from Table VI and 𝑃𝑎𝑟0 is the value of the parameter at 300 Kelvin. The 3C-
SiC mobility experimental dataset in [50] is used. The equation in (14) was found to give a good match 
with the experimental dataset available when the values of Table VII are utilized, in particular, 𝛾𝑚𝑖𝑛
𝑒− =
𝛾𝑚𝑖𝑛
ℎ+ = −0.5 for the parameter 𝜇𝑚𝑖𝑛. In addition, the temperature coefficient for the parameter 𝜇𝑚𝑎𝑥
𝑒−  
used was 𝛾𝑚𝑎𝑥
𝑒− = −0.3. It was found that these parameters strongly affect the performance of the C-T 
model for the high field mobility (presented in the next subsection). Thus, no further fine-tuning was 
attempted. Indeed, the matching with the experimental results is close for the range of temperatures that 
are of typical interest. For the holes mobility model, the value of 𝛾𝑚𝑎𝑥
ℎ+ = −2.5 resulted the best possible 
fit to experimental data of [36]. The determined exponential coefficient values, to describe the 
temperature dependence of the low field mobility in bulk 3C-SiC material, are summarized in Table 
VII. 
𝑛 = 𝑁𝐶𝑒𝑥𝑝(− (𝐸𝐶 − 𝐸𝐹) 𝑘𝑇⁄ ) 
𝑝 = 𝑁𝑉𝑒𝑥𝑝(− (𝐸𝐹 − 𝐸𝑉) 𝑘𝑇⁄ ) 
(13a) 
(13b) 
  
 
 
 
 
𝑃𝑎𝑟 = 𝑃𝑎𝑟0 × (𝑇 300𝐾⁄ )
𝛾 (14) 
 
Table VII: 3C-SiC parameters for low Field mobility and coefficients used to express temperature dependence. 
Parameter 
3C-SiC Corresponding parameter 
from Table VI electrons holes 
γmax -0.3 -2.5 μmax [cm
2/Vs] 
γmin -0.5 -0.5 μmin [cm
2/Vs] 
γNref 2 0 Nref [cm
-3] 
γα 0 0 α 
 
 
The results presented in Fig. 8 imply that the C-T model in the case of 3C-SiC is consistent to the 
experimentally measured Hall mobility with temperature plotted in [36]. Considering a temperature 
range of 250K < 𝑇 < 700K the deviation of the model from the expected mobility values is small. It 
can be mentioned that the C-T model works much better for the positive moving carriers as well, 
especially when the focus is on the range of 300K up to 600K, as shown in Fig. 9. Power devices usually 
aim to operate within this range of temperature values [54]. We therefore conclude that, the overall 
behavior of the C-T model for both electrons and holes describes better the mobility dependence on 
temperature. Consequently, the C-T model parameters determined in this subsection are suitable for 
investigating 3C-SiC power devices in a wide operational temperature range.  
  
Fig. 8: Considering a Fermi level relative position of 0.107eV from the 
conduction band, the resulting doping concentration, utilizing (13a), is 
2.5𝑥1017cm−3. The C-T model performance for a range of temperature 
values is very close to the corresponding literature electron mobility 
data [50]. For comparison, the Powel/C-T model is also plotted for the 
same conditions.  
Fig. 9: To compare the performance of the C-T model to 
available literature data for 3C-SiC holes mobility against 
temperature, a Fermi level relative position of 0.0455eV from the 
valence band is considered. Utilizing (13b) this results a doping 
of 2𝑥1018cm−3. Noticeable, the C-T model makes a good fit in 
a specific range of temperature values. 
 
2.3.2.  High – field Mobility 
The presence of high electric field strongly affects the carriers’ mobility. The Canali model [55] can be 
used to specify how carriers’ mobility varies with the applied electric field, while its expression is shown 
in (15). It utilizes the formula for the low field mobility (𝜇𝑙𝑜𝑤) including additional parameters, the 𝛽 
and 𝑣𝑠𝑎𝑡, whereas E is the electric field strength. Consequently, following the (14), the values of 
parameters 𝛽0 and 𝛾𝛽 should be determined. Whenever used, the zero subscript denotes a temperature 
independent coefficient. This is achieved by matching the behavior of our model to the results of the 
model proposed in [45]. The saturated carriers’ velocity temperature exponential 𝑣𝑠𝑎𝑡,𝑒𝑥𝑝 and its value 
is determined indirectly by using (16). According to [56], the nonlinear dependence of the electron drift 
velocity on electric field for SiC polytypes is expressed in (17). Utilizing the parameters for mobility 
from Table VI, the value of 𝑣𝑠𝑎𝑡,0 = 2.5 × 10
7cm/s [57] and equation (17), the parameter 𝑣𝑠𝑎𝑡,𝑒𝑥𝑝  from 
(16) can be fitted to the data presented in [58]. The parameters for the high field mobility dependence 
are summarized in Table VIII.  
Shifting from the low to high field conditions, the mobility and velocity terms essentially become 
inseparable directly affecting each other as described in (15). Thus, after evaluating the determined 
  
 
 
 
 
parameter values in this subsection, the Fig. 10 is plotted. It illustrates the mobility evolution for 
increasing electric field values at specific temperatures. In this, the variation of 𝑣𝑠𝑎𝑡 with the temperature 
has been taken into account. Further, for the same temperature values, in Fig. 11 and Fig. 12 the velocity 
versus the applied field is depicted for both electrons and holes carriers in 3C-SiC. As shown, our 
proposed models achieve good matching for high electric field conditions, especially for values higher 
than 100kV/cm. 
 
 
Table VIII: 3C-SiC parameters for high Field mobility and 
saturation velocity along with coefficients used to express 
temperature dependence. 
Parameter 
3C-SiC 
electrons holes 
beta (𝛽0) 0.75 2.5 
γbeta -0.9 0 
alpha (𝛼) 0 0 
vsat,0 [cm/sec] 2.5x10
7 1.63x107 
vsat,exp -0.65 1.55 
   
 
Fig. 10: The 3C-SiC electron mobility is plotted against the 
applied electric field as described in (15) utilizing the determined 
parameters from Table V for specific temperature values. 
 
𝜇0(𝐸) =
(𝛼 + 1)𝜇𝑙𝑜𝑤
𝛼 + [1 + (
(𝛼 + 1)𝜇𝑙𝑜𝑤𝐸
𝑣𝑠𝑎𝑡
)
𝛽
]
1
𝛽⁄
 
(15) 
𝑣𝑠𝑎𝑡 = 𝑣𝑠𝑎𝑡,0 (
300𝐾
𝑇
)
𝑣𝑠𝑎𝑡,𝑒𝑥𝑝
 (16) 
𝑣 = 𝜇0(𝐸) ∙ 𝐸 (17) 
 
  
Fig. 11: The electrons velocity for various electric field values, 
considering a doping density of 5𝑥1015cm−3. The parameters 
determined in this subsection along with the parameters determined 
for the low-field mobility make a very good match with literature 
data for temperatures up to 600K. 
Fig. 12: Considering a density of 1𝑥1018cm−3 of dopants, the holes 
velocity in 3C-SiC match the available literature data for the range 
of values 200kV/cm < E < 2000kV/cm. Further, towards the upper 
limit of this range, saturation is observed. This behavior justifies the 
low-field mobility parameter values determined in 2.3.1 for the C-T 
model. 
 
2.4.  Impact Ionization 
The main parameters required for the calculation of the breakdown voltage and the critical electric field, 
are the ionization coefficients of electron and holes. These are considered constant and material 
dependent. It is found in [59] that the impact ionization coefficients of bulk 3C-SiC are relatively 
insensitive to temperature variations in the range of 300K < 𝑇 < 500K. In TCAD tools, the “van 
  
 
 
 
 
Overstraeten de Man” model [60] [61] can be used to model the phenomenon of impact ionization. For 
3C-SiC, only the ionization coefficients for holes have been determined experimentally. For electrons it 
is assumed that they are the same [48]. In (18) the dependence on temperature of the impact ionization 
coefficients for electrons and holes is modelled. The factor 𝛾 with the optical phonon energy ħ𝜔𝑜𝑝 
expresses the temperature dependency of the phonon gas against which carriers are accelerated, where 
𝑇0 = 300K. Further, in (19) the dependence of these quantities on electric field is described, where 𝐸𝑎𝑣𝑎 
is the driving force for impact ionization. The ionization coefficients for both carriers’ types at room 
temperature are summarized in Table IX [62]. In Fig. 13 the impact ionization rate for the holes in 3C-
SiC, as modelled in this subsection, is plotted in comparison to the data published in [48]. As illustrated, 
the model matched the published data very accurately. 
 
𝛾 =
tanh(ħ𝜔𝑜𝑝 2𝑘𝑇0⁄ )
tanh(ħ𝜔𝑜𝑝 2𝑘𝑇⁄ )
 (18) 
𝛼(𝐸𝑎𝑣𝑎) = 𝛾 ∙ 𝛼 ∙ 𝑒𝑥𝑝(− 𝛾𝑏 𝐸𝑎𝑣𝑎⁄ ) (19) 
 
 
 
Table IX: 3C-SiC impact ionization coefficients. 
Parameters Description 
Parameter 
Name 
3C-SiC 
Ionization coefficients 
for electrons and holes 
an,p [cm
-1] 1.07x107 
bn,p [V/cm] 1.12x10
7 
Low field range up to 
this value 
E0 [V/cm] 4.0x10
5 
Optical phonon energy ħ𝜔𝑜𝑝 [eV] 
0.120 
0.098 
 
Fig. 13: The hole ionization rate as described by the parameter values 
in Table IX is in agreement with the available 3C-SiC  data in literature. 
Electrons behavior is assumed to be the same. 
 
2.5.  Incomplete Ionization 
The phenomenon of incomplete ionization can be included by modelling the dopant impurities as traps. 
Depending on the dopant solubility in the semiconductor, the shallow energy level formed is different. 
This is a first approach of taking into account the existence of shallow defects in the semiconductor 
model. These levels affect the Fermi-level and describe the available charge carriers needed for 
conductivity [63]. Following the published works in [64], [65], [66], [67] and [68], the values of Table 
X present the main impurities in 3C-SiC material due to different specific donor and/or acceptor species. 
It is interesting to notice, as illustrated in Fig. 14, that the Boron (B) impurities form deep levels in 
3C-SiC, with the activation energy being 0.735eV. This is why it is not considered a good candidate in 
forming p-type 3C-SiC regions. However, it can be considered for carrier lifetime control engineering 
[69]. 
Table X: 3C-SiC impurities / Shallow traps due to doping. 
Impurity Species Type 
Energy Levels [eV] 
3C-SiC 
Nitrogen (N) donor a 0.057 
Vanadium (V) donor a 0.660 
Aluminum (Al) acceptor b 0.260 
Gallium (Ga) acceptor b 0.343 
Boron (B) acceptor b 0.735 
a. The formed energy level is considered from the Conduction band (EC). 
b. The formed energy level is considered from the Valence band (EV). 
 
Fig 14: Explicitly trap occupation setting for Nitrogen, Vanadium, 
Aluminum, Gallium and Boron impurities in cubic SiC [36]. 
 
  
 
 
 
 
2.6.  Schockley-Read-Hall (SRH) Recombination 
Generation and recombination mechanisms are very important in power device physics, in particular, 
for bipolar devices. The SRH expression in (20) describes these recombination processes that are 
considered dominant for semiconductors with an indirect bandgap [70]. 
 
𝑅𝑛𝑒𝑡
𝑆𝑅𝐻 =
𝑛𝑝 − 𝑛𝑖
2
𝜏𝑝(𝑛 + 𝑛1) + 𝜏𝑛(𝑝 + 𝑝1)
 (20) 
𝜏𝑑𝑜𝑝 = 𝜏𝑚𝑖𝑛 +
𝜏𝑚𝑎𝑥 − 𝜏𝑚𝑖𝑛
1 + (
𝑁𝐴,0 + 𝑁𝐷,0
𝑁𝑟𝑒𝑓
)
𝛾 
(21) 
 
Table XI: 3C-SiC SRH lifetimes parameter set. 
Parameter 
3C-SiC 
electrons holes 
τmin [sec] 0 0 
τmax [sec] 2.5x10
-6 0.5x10-6 
Nref [cm
-3] 1x1017 1x1017 
γ 0.3 0.3 
   
 
 
Fig. 15: The SRH carriers’ lifetime in 3C-SiC plotted against doping values for 
both electrons and holes.  
 
The doping dependence of the SRH lifetimes is modelled with the Scharfetter relation shown in (21). 
In Fig. 15 the SRH lifetimes are plotted for both carrier types in 3C-SiC. Carrier lifetimes vary in 
literature for 3C-SiC with the best reported measured values of 10-15μs [71]. Additionally, authors in 
[72] claim lifetime values are equal to 0.5μs, though without specifying the corresponding doping 
concentration. These values are strongly dependent on the quality of each unique heteroepitaxially 
grown material layer and are expected to lower due to electrically active traps. In this work, the values 
of 2.5μs for electrons and 0.5μs for holes are assumed. This is considered a reasonable assumption for 
SiC technology. The arbitrary reference doping concentration (𝑁𝑟𝑒𝑓) operates as a normalization 
constant. The parameter values for the Scharfetter model, as discussed, are presented in Table XI. 
Detailed lifetime maps and the inclusion of deep levels when modelling devices is expected to have a 
great impact on the lifetimes. Therefore, the model presented here assumes excellent crystal quality with 
small density of electrically active defects.  
 
2.7.  Auger recombination 
The Auger mechanism is used to describe the band-to-band non-radiative recombination, a process that 
includes the emission of a phonon. The Auger recombination rate is described in (22) with temperature 
and doping dependence coefficients. These coefficients decrease when high injection conditions occur 
in the material as a consequence of the excitons decay [73]. Assuming room temperature, the Auger 
coefficients dependence on doping is expressed with the parameter 𝐻𝑛,𝑝. In Fig. 16 this non-linear 
dependence is plotted for a range of carrier density values of 1.8 × 1019 < 𝑁𝐷 < 2.3 × 10
20cm−3. Each 
carrier density value corresponds to a certain excitation energy. For highly doped n-regions, it can be 
assumed that 𝑁𝐷 ≫ 𝑁𝐴, thus the excess minority holes injection is negligible. Further, we assume a 
constant low value of excited holes 𝑝 for the aforementioned range of excess carrier densities 𝑛 when 
using (22). In order to be consistent with real material conditions, the effective intrinsic carrier 
concentration, 𝑛𝑖,𝑒𝑓𝑓, is calculated after taking into account the bandgap narrowing (𝐸𝑔,𝑒𝑓𝑓) for the 
investigated doping levels as expressed in (1). Similarly, the exactly opposite can be considered for an 
excited highly doped p-type region, where 𝑁𝐷 ≪ 𝑁𝐴.     
 
𝑅𝑛𝑒𝑡
𝐴 = (𝐶𝑛𝑛 + 𝐶𝑝𝑝)(𝑛𝑝 − 𝑛𝑖,𝑒𝑓𝑓
2 ) (22) 
  
 
 
 
 
𝐶𝑛(𝑇, 𝑛) = (𝐴𝑛 + 𝐵𝑛 (
𝑇
𝑇0
) + 𝐶𝑛 (
𝑇
𝑇0
)
2
) [1 + 𝐻𝑛𝑒𝑥𝑝 (−
𝑛
𝑁0, 𝑛
)] (23) 
𝐶𝑝(𝑇, 𝑝) = (𝐴𝑝 + 𝐵𝑝 (
𝑇
𝑇0
) + 𝐶𝑝 (
𝑇
𝑇0
)
2
) [1 + 𝐻𝑝𝑒𝑥𝑝 (−
𝑝
𝑁0, 𝑝
)] (24) 
 
According to [74], it is safe to assume that in 3C-SiC the temperature dependence of Auger 
recombination coefficient is negligible. Hence, the parameter values presented in Table XII, are adopted. 
Essentially, in (23) and (24) the temperature parameters 𝐵𝑛 and 𝐶𝑛 are considered zero due to the lack 
of corresponding measurements. However, it is suggested that a related experimental work on 3C-SiC 
samples would be valuable and may provide better insight for the understanding of this mechanism.  
 
Table XII: 3C-SiC Auger recombination rates. 
Parameter 
3C-SiC 
Electrons Holes 
coefficient A [cm6/sec] 0.3x10-31 0.2x10-31 
coefficient B [cm6/sec] 0 0 
coefficient C [cm6/sec] 0 0 
coefficient H 1.9 1.9 
N0 [cm
-3] 1.0x1019 1.0x1019 
T0 [K] 300 300 
 
Fig. 16: The Auger recombination rate for different net doping 
concentration values, in an n-type 3C-SiC material. The independent 
variable values in the x-axis correspond to specific excitation levels in 
order to have a valid comparison with the measurements in [74]. 
 
2.8.  Thermal Conductivity of 3C-SiC 
The thermal conductivity (𝜅) represents the rate of heat flow through a material. For SiC single crystal, 
values as high as 5 W/cmK are reported [75] [76]. However, most SiC devices are characterized by 
much smaller  𝜅 values. For the 3C-SiC, the majority of experimental works determine its thermal 
conductivity at 3.2 W/cmK, further for the 4H-SiC at the value of 3.7 W/cmK [40] [72] [77]. 
The resistivity model [76] shown in (25) can be used to indicate indirectly the thermal conductivity 
of the material by 𝜅 = 1 𝜒⁄  with a valid range of 200K - 600K. The parameters that give the best 
matching for 3C-SiC are presented in Table XIII. Fig. 17 summarizes the content of this subsection. 
 
𝜒 = (1 𝑘𝑎𝑝𝑝𝑎⁄ ) + (1 𝑘𝑎𝑝𝑝𝑎_𝑏⁄ )𝑇 + (1 𝑘𝑎𝑝𝑝𝑎_𝑐⁄ )𝑇2 (25) 
Table XIII: Thermal Resistivity parameter 
values for the 3C-SiC 
Parameters Description 3C-SiC 
1/kappa [K·cm/W] 4.4x10-2 
1/kappa_b [cm/W] 4.0x10-4 
1/kappa_c [cm/K·W] 1.65x10-6 
 
 
Fig. 17: The thermal resistivity parameters determined in this sub-section are in excellent 
agreement to the literature data. This work implies that what was assumed until now for 
both the 3C-SiC and the 4H-SiC was not a good approximation. 
  
 
 
 
 
 
3.  Conclusions   
This work introduced for the first time a comprehensive set of models and their parameter values for 
bulk 3C-SiC. For each property of the semiconductor material, an appropriate model was suggested and 
the model parameter values were defined. The selected models and parameters were validated against 
published experimental data from studies that aimed to characterize aspects of the performance of 3C-
SiC. The extensive review of the literature revealed that, compared to other materials, for example the 
4H-SiC or Silicon, there was less published data available. Nonetheless, sufficient data was collated to 
model the bandgap and electron affinity, the density of states, carriers’ mobility at low and high field, 
impact ionization, incomplete ionization, recombination phenomena and thermal conductivity. Special 
attention was given in accurately modelling the temperature dependence and the dependence on doping 
of these properties. For most properties and physical phenomena, the models proposed with the 
parameters could accurately predict the performance of the material and match the experimental data 
for a large range of temperatures. The validation process also highlighted that for some cases, the 
behavior could only be replicated for a limited range of temperatures. For these, good matching was 
achieved for the range of temperatures where devices are typically designed for or analyzed for, that is 
for 300K < 𝑇 < 500K. For research focusing on the physical properties outside of this region, new 
expressions will need to be developed. This work also aimed for the models selected and the parameters 
defined to be completely compatible and easily embeddable in TCAD software packages, for example 
the Synopsys Sentaurus Advanced TCAD. The use of credible models in this context allows for 
trustworthy device design optimization with bulk 3C-SiC as the material of choice.  
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